ABSTRACT With the rapid development of wireless communication networks, the need of massive Multiple-Input Multiple-Output (MIMO) to offer sufficient network capacity has become evident. As a part of array signal processing, direction-of-arrival (DoA) estimation is of vital importance to obtain directional information of sources and to enable the 3-D beamforming. In this paper, the performance of DoA estimation for massive MIMO systems is analyzed and compared using a low complexity algorithm. To be specific, 2-D unitary estimation of signal parameters via rotational invariance techniques (U-ESPRIT) algorithm is studied to jointly estimate elevation and azimuth information, and uniform rectangular array is selected to represent massive MIMO systems. The simulation results indicate that the U-ESPRIT algorithm works well for the massive MIMO systems. The performance has been evaluated with various types of antenna configuration and source numbers. Finally, the array resolution is adopted to analyze the performance of elevation and azimuth estimation and how to choose the appropriate antenna array configuration.
I. INTRODUCTION
Recent decades have witnessed a major transformation in mobile technology. The 5G is expected to enable a fully mobile and seamlessly connected society in the 2020 timeframe and beyond. The demands for 5G are characterized by the tremendous growth in connectivity, density/volume of traffic, the broad range of use cases and business models expected [1] , [2] .
Massive MIMO technique, one of the core techniques in 5G, has been paid enormous emphasis [3] - [5] . The extension in antenna array dimension offers the flexibility in terminal, specifically for the spatial pre-processing in both horizontal and vertical domains. Furthermore, massive MIMO has been applied in diverse scenarios. For example, research of its application on transportation systems, such as high-speed railway station and train carriage, is conducted in [6] and [7] . Among the various signal-processing functions performed in massive MIMO systems, 3D beamforming for link reliability enhancement has received considerable attention. To enable the 3D beamforming, accurate estimation of the DoA, including both the elevation and azimuth angles, of source signals is of vital importance [8] , [9] .
The DoA estimation has been of interest to the signal processing community for decades. There are many existing DoA estimation methods, such as multiple signal classification (MUSIC), estimation of signal parameters via rotational invariance techniques (ESPRIT), weighted subspace fitting (WSF), maximum likelihood (ML), etc., to estimate the 1D and 2D DoA [10] . However, the application of these methods to the massive MIMO scenario, which involves high computational complexity mainly because the dimension of covariance matrix of the array input signal is very large, is not yet well explored. Up to now, there have not been so many scholars or research groups paying their attention on DoA estimation of 3D MIMO for its high complexity and limited accuracy [11] .
In [12] , a two-stage full-dimension DoA estimation scheme based on MUSIC algorithm has been proposed. The strategy requires an exhaustive multi-dimensional peak search, resulting in a relatively high computational complexity as most 2D DoA estimation algorithms. A novel automatic weighted subspace fitting (AWSF) algorithm for DoA estimation is given in [13] . It enhanced the accuracy of estimation, but it has not yet implemented in large scale antenna systems to evaluate the performance. In [14] , a low complexity 2D DoA estimator based on U-ESPRIT algorithm is introduced. However, the investigation on performance of elevation and azimuth estimation is relatively insufficient. Therefore, development of low-complexity DoA estimation algorithms for massive MIMO systems becomes extremely necessary from a practical implementation perspective.
In this paper, U-ESPRIT is introduced to jointly estimate azimuth and elevation information for massive MIMO systems. The motivation for applying this algorithm is threefold [15] , [16] .
1) It is formulated in terms of real-valued computations throughout the whole estimating process. Since the dimension of the matrices is not increased, this completely real-valued algorithm achieves a substantial reduction of the computational complexity. 2) It incorporates forward-backward averaging, leading to an improved resolution compared to the standard ESPRIT algorithm, especially for correlated source signals.
3) It can pair the estimated azimuth and elevation angles automatically without additional calculation. This paper mainly focuses on a low-complexity 2D DoA estimation using U-ESPRIT algorithm in massive MIMO systems. Signal noise ratio (SNR), source number, and antenna configuration are chosen to assist the evaluation of algorithm performance. Furthermore, to the best of knowledge, 2D antenna array resolution is utilized for the first time to investigate the elevation and azimuth estimation in massive MIMO systems.
The remainder of this paper is organized as follows. The system model and the U-ESPRIT algorithm are described in Section II and Section III, respectively. The computer simulation and performance evaluation are presented in Section IV. Section V concludes the paper.
II. SYSTEM MODEL
A typical 2D massive MIMO system with an M × N antenna array at the base station is shown in Fig.1 . Uniform Rectangular Array (URA) is selected in this paper with the consideration of limit space in reality. For example, assuming the carrier frequency is 3GHz, an 16 × 16 URA at 0.5λ spacing only requires 0.8 meters in both horizontal and vertical domains.
In this paper, the antenna array at base station is placed in the X -Y plane with M antenna elements in each column and N antenna elements in each row. The spacing between adjacent antenna elements is assumed to be d in both two dimensions. The DoA is depicted by elevation and azimuth angles, given by θ ∈ {0 • , 90 • } and φ ∈ {−90 • , 90 • } respectively [15] , [17] , [18] . The wave-way difference of received signal at the antenna element (m, n), 1 ≤ m ≤ M , 1 ≤ n ≤ N , respected with the origin, can be expressed as [19] 
where u is the unitary wave-way difference along Y axis and v is the unitary wave-way difference along X axis.
The antenna spacing d is typically λ/2. It is natural to find that β is independent from the wavelength, or the carrier frequency.
The received signal at the base station antenna array is a superposition of many resolvable signals. Therefore, the received signal at the antenna element (m, n) with K resolvable multi-path signals, can be formulated as
where s i represents the incident signal, 1 ≤ i ≤ K , w m,n denotes the addictive white Gaussian noise (AWGN). The AWGN is assumed to have zero mean and variance of σ 2 .
Let X ∈ C M ×N represents the received data matrix of the antenna array, which can be expressed as:
where a(u i ) and a(v i ) are steering vectors associated with the elevation angle θ i and the azimuth angle φ i respectively.
which contains the DoA information for the i th user. In order to facilitate the expression, the vectorized operation and the Kronecker product (hereafter denoted by ⊗) is performed to convert (6) into the following equivalent model:
Finally, the system model can be simplified as
where S is the source matrix.
III. UNITARY ESPRIT AND DoA ESTIMATION
In this section, a low DoA estimation algorithm based on U-ESPRIT algorithm to jointly estimate the elevation and azimuth angles is presented. The unitary matrices can be constructed to change the steering matrix to real values, which are defined as following:
where I t is the t × t unit matrix, Π t is the t × t exchange matrix with ones on its anti-diagonal and zeros elsewhere, and O is zero matrix. Accordingly, the process of real value matrix conversion can be formulated as
Y is thus converted into the real value matrix from the received signal matrix X, which is defined in (9) . According to (6) , the 2D steering matrix can be decomposed to the product of two 1D steering matrix. For a(u i ), if the first (M − 1) elements are multiplied by e ju i , the resulting vector will be equal to the last (M − 1) components. This relation accounts for the forward-backward smoothing process, and thus two selective matrix are defined. 
Since Q M Q H M = I , we can rewrite (13) as
where Q H M stands for the hermitian of matrix Q M . Multiplying Q H M −1 on both sides gives us
We can have the following relation:
where a R (u i ) is the real matrix of a(u i ) after the unitary transformation. Let E s be the signal space and T be the linear transformation. It is important to note that after the unitary transformation, the computational complexity will be significantly reduced. Accordingly, we have
where
Similarly, the process can be applied on the steering vector along axis X:
where (17) and (18) ,ˆ u andˆ v can be solved based on the estimated signal spaceÊ s . Let the eigenvalues ofˆ u + jˆ v be λ i . Accordingly, u i , v i can be estimated from
Finally, according to (2), the elevation and azimuth angle of massive MIMO can be estimated, exporting the paired 2D angle automatically.
IV. PERFORMANCE EVALUATION
To get a more quantitative understanding of how the U-ESPRIT algorithm performs in massive MIMO systems, Monte Carlo simulations are conducted in this section. In the simulation, the total number of antenna elements is set 256, which is considered as one possible dimension of massive MIMO [2] The samples distribute uniformly in their definition domain as mentioned in section II. The simulation parameters are listed in Table 1 . The root-mean-squared error (RMSE) is utilized to measure the effectiveness of 2D DoA estimation, which is defined as
whereθ k,n is the estimation of elevation angle θ k at the n − th Monte Carlo trial and similarly forφ k,n . K is the estimated source number and N represents Monte Carlo simulation times. 
A. PERFORMANCE OF LOW-COMPLEXITY ALGORITHM
RMSE results for massive MIMO DoA estimation versus SNR for eight sources are illustrated in Fig.2 . The value of RMSE is under 0.07 with SNR ranges from 3dB to 30dB. DoA can be clearly observed, and therefore it can be concluded that the algorithm proposed works quite well in massive MIMO systems. Different curve corresponds different type of antenna configuration as marked on the legend. As the SNR increases, the performance of each array configuration ameliorates. The 16 × 16 and 32 × 8 arrays have acted in excellent quality. It is interesting to note that the 64 × 4 array works better than the 4 × 64 array. The two configurations have the same array dimension while disposed with 90 • degrees' difference. The reason for which will be continually discussed in the following subsection. fig. 5 and fig.6 respectively.
B. PERFORMANCE COMPARISON BETWEEN ELEVATION AND AZIMUTH ESTIMATION
As shown in Fig.2 , the two identical antenna configurations have different performances when they are implemented in different directions. To tackle this problem, further simulations are conducted with diverse SNR values and antenna configurations. The source set is divided into two groups as shown in While on the contrary, azimuth estimation gives a performance of lower RMSE with the source Group B as shown in Fig.6 . In the aspect of azimuth estimation, the 32 × 8 array performs quite well like the 16 × 16 array. Therefore, the larger number of antenna elements along Y axis can improve the ability of azimuth estimation. To further illustrate this observation, 2D array resolution is utilized in the massive MIMO DoA estimation.
The resolution of 2D DoA estimation, which corresponds to the gradient variation of array steering matrix, is defined as [19] , [20] 
where A(u, v) and β are defined in (6) and (1), respectively. The gradient of a function of two variables in Cartesian coordinates, F(x,y), is defined as ∇F(x, y) = ( ∂F ∂x , ∂F ∂y ). · means the Euclidean distance of a vector. The greater G(θ, φ) yields to the higher resolution of DoA estimation at a certain direction. That is to say, the RMSE of joint estimation of elevation and azimuth will be lower. According to (1) , it can be noted that G(θ, φ) is factored by M and N .
The resolution of 16×16 array from three different viewing angles is illustrated in Fig.7 . The resolution of azimuth shows a trend from decline to rise in the range of (−90 • , 90 • ), Accordingly, the fact that the overall elevation resolution of the sampling target in Group A is better in comparison with the overall azimuth resolution results in the better elevation estimation performances as shown in Fig.5 . The overall elevation resolution of a source target means the average value of elevation resolution when the azimuth varies from −90 • to 90 • . Similar definition can be applied for overall azimuth resolution. By contrast, the sampling target in Group B owns better overall azimuth resolution which accounts for the better azimuth estimation performance as demonstrated in Fig.6 . Fig.8 and Fig.9 draw up the array resolution comparison between different types of antenna array configuration, 32×8, 8 × 32, 16 × 4, and 4 × 64 as labelled in each sub-figure. For the azimuth resolution, different array configuration conducts an obvious variation of form and the shift of lowest resolution point. In contrast, the variation of elevation resolution becomes more moderate. It can be safely concluded that azimuth estimation is more vulnerable compared to elevation estimation in terms of array configuration. Therefore, the distinguishing performance of 64 × 4 array and 4 × 64 array depicted in Fig.2 can be explained by the resolution pattern.
C. RELATION BETWEEN ANTENNA ARRAY CONFIGURATION AND ARRAY RESOLUTION
It is widely acknowledged that different scenarios have different requirements for DoA estimation. The overall performance of angle estimation weighs more in some cases while the accuracy of elevation/ azimuth angles is more valued in other cases. Thus, the antenna array configuration can be adjusted as an efficient way to better satisfy the DoA estimation requirement. Based on the above simulations and analysis, the 16×16 array has the best performance of overall DoA estimation, the 32 × 8 array owns the best performance of azimuth estimation, and the 8 × 32 array performs best in the elevation estimation. The 64 × 4 and 4 × 64 array are not considered due to their higher RMSE values and larger spacial demand in general.
To better illustrate the relationship between antenna array configuration and the estimation performance, the parameter κ is introduced, which is defined as: κ = M/N . When κ > 1, the array has better azimuth estimation performance, when κ < 1, the array performs better in the elevation estimation, and when κ = 1, the array has the best accuracy of the overall DoA estimation.
V. CONCLUSION
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